Abstract It has been hypothesized that an important function of the cerebellum is predicting the state of the body during movement. Yet, the extent of cerebellar involvement in perception of limb state (i.e., proprioception, specifically limb position sense) has yet to be determined. Here, we investigated whether patients with cerebellar damage have deficits when trying to locate their hand in space (i.e., proprioceptive localization), which is highly important for everyday movements. By comparing performance during passive robot-controlled and active self-made multi-joint movements, we were able to determine that some cerebellar patients show improved precision during active movement (i.e., active benefit), comparable to controls, whereas other patients have reduced active benefit. Importantly, the differences in patient performance are not explained by patient diagnosis or clinical ratings of impairment. Furthermore, a subsequent experiment confirmed that active deficits in proprioceptive localization occur during both single-joint and multi-joint movements. As such, it is unlikely that localization deficits can be explained by the multi-joint coordination deficits occurring after cerebellar damage. Our results suggest that cerebellar damage may cause varied impairments to different elements of proprioceptive sense. It follows that proprioceptive localization should be adequately accounted for in clinical testing and rehabilitation of people with cerebellar damage.
Introduction
Accurate movement control depends on our innate knowledge of limb and body position or proprioception [1] [2] [3] [4] . Our proprioceptive sense is known to depend on multiple cerebral cortical areas but historically has not been thought to involve the cerebellum [5] . The cerebellum is known to receive substantial projections from the periphery reflecting joint and limb position [2, 6] . These projections are thought to be important for movement control but not needed for perception. More recent work, however, has shown cerebellar projections to cerebral sensory areas, bringing into question whether the cerebellum is involved in sensory perception [7, 8] . This anatomical data is in line with behavioral and imaging studies that strongly suggest cerebellar involvement in sensory perceptions based on proprioceptive information [9] [10] [11] [12] [13] .
Recently there have been a few papers showing specific proprioceptive deficits in people with cerebellar damage [13, 14] . Cerebellar patients do not perform as well as controls do on active proprioceptive discrimination tasks during an elbow joint movement [13] . Yet, these patients can perform normally on passive proprioceptive detection and discrimination tasks [13, 15] . Healthy people normally show better discrimination on active tasks versus passive tasks. However, when their movements are perturbed by small forces, thus becoming less predictable, healthy people lose the benefits of active movements [13] . Taken together, these results are consistent with one idea about cerebellar functionnamely that it normally acts to predict the sensory consequences of motor commands. Such a prediction would be useful for motor control as well as proprioception as it would enhance the precision with which the nervous system can estimate limb position [13, 16, 17] .
The finding that cerebellar patients do not update sensory predictions following motor adaption (i.e., learning) tasks is also consistent with cerebellar function in predictive control [18, 19] . In both Synofzik et al. [18] and Izawa et al. [19] , healthy people learned a new visuomotor calibration and also recalibrated their proprioceptive estimates. In contrast, cerebellar patients exhibited a perceptual deficit which resulted in much less proprioceptive recalibration. This is in line with another study which showed that cerebellar patients had comparable proprioceptive realignment to controls during a purely sensory task but less proprioceptive realignment during a sensorimotor task [20] . Importantly, Synofzik et al. [18] and Izawa et al. [19] both found that cerebellar patients did not have proprioceptive deficits during baseline active movements, accurately assessing the direction of their movements. It is possible that when sensory prediction updates are unnecessary (i.e., during baseline assessments), cerebellar patients do not have proprioceptive deficits when only estimating active movement direction. In contrast, when cerebellar patients have to estimate the length of their active movements, proprioceptive deficits occur [13] . This may suggest that cerebellar damage induces varied deficits in distinct aspects of proprioception, with a greater effect on movement extent than on movement direction.
We are interested in further characterizing cerebellar proprioceptive deficits, with a particular focus on the ability to localize the hand in space. Proprioceptive localization requires estimates of both movement direction and movement length to pinpoint hand position. Previous studies in healthy people have shown that localization is more precise after active movements than after passive movements [21] [22] [23] . Given that the cerebellum is involved in active discrimination, but does not seem to influence passive discrimination [13] , it may provide a similar 'active benefit' in localization as well. It follows that people with cerebellar damage may exhibit deficits in active localization-specifically, they may not show the active benefit associated with healthy proprioception-yet, this has not been tested previously. Knowing where the hand is in space (i.e., localization) is very important for making and calibrating real-life movements, so determining whether localization is affected in cerebellar patients will provide further insight into their motor difficulties. Here, we asked if there are deficits in active versus passive proprioceptive localization in people with cerebellar damage and compared their performance to healthy individuals.
Materials and Methods

Subjects
We recruited 18 patients with cerebellar damage for a multijoint experiment and excluded 5 patients from testing or analysis. One patient presented with peripheral sensory loss during the clinical examination and did not perform the experiment due to the potential for these symptoms to confound our assessment of central sensory processing. Two patients presented with double vision at the time of testing, which caused uncertainty in whether they were localizing to the correct visual dot throughout the experiment. Two additional patients completed the experiment but had very poor passive proprioception, as identified by outlier analysis, and thus did not meet control criteria for inclusion. We retained 13 patients with cerebellar damage but no upper limb sensory loss (6 women; mean age 61.3 ± 12.1 years) and 13 age-, gender-, and handedness-matched controls with no known neurological impairments (6 women; mean age 56.5 ± 10.2 years). We subsequently tested a subset of patients on a single-joint experiment, retaining 10 patients (5 women; mean age 58.8 ± 11.9 years) and 11 matched controls (5 women; mean age 57.2 ± 11.8 years). All subjects were tested on their dominant hands, unless the cerebellar damage only affected the non-dominant side (e.g., in the case of unilateral stroke). All subjects gave informed consent to the protocols approved by the Johns Hopkins Institutional Review Board.
The monofilament test, a standard clinical exam, assessed cutaneous mechanoreception on subject index fingertips to ensure no peripheral sensory loss [24] . All subjects in both groups were within the normal range (≤0.40 g) [25] . The level of cerebellar impairment was assessed with the International Cooperative Ataxia Rating Scale (ICARS) [26] , which results in higher scores for more impaired patients in posture and gait, limb control (kinetic), speech, and eye movements. For the patients, the mean total ICARS score was 37.8 ± 16.0 (maximum score = 100). For the kinetic portion of the ICARS, which is relevant for arm movements, the mean subscore was 16.4 ± 6.8 (maximum subscore = 52). Additional details about cerebellar patient characteristics are listed in Table 1 .
Apparatus
For the following tasks, the subjects' proprioceptive localization was measured using the KINARM exoskeleton robot system (BKIN Technologies, Kingston, Canada). The shoulder and elbow joints of the robot were aligned with the corresponding joints on the tested arm. The subject's arm rested in arm trays with the index finger on a Velcro square. The chair height was adjusted for each subject so arm movements occurred in the shoulder-level horizontal plane. During the test blocks, vision of the subject's arm was blocked with a metal screen unless otherwise stated. All visual feedback was projected onto the screen surface. All subjects in both groups experienced the same conditions.
Procedure
Experiment 1: Multi-Joint
Cerebellar patients and controls completed two multi-joint proprioceptive localization tasks to compare passive robotcontrolled movement with active self-movement. We tested localization of fingertip position, which requires knowledge of both shoulder and elbow joint angles and is more precise than joint angle estimation is [23] . During both tasks, vision of the arm was blocked by a metal screen. At the beginning of each trial, subjects were moved to the start target, located at a shoulder angle of 60°and elbow angle of 90°for each subject. While at the start target, the subjects were shown a depiction of their arm position for 2 s, including a white line going from their elbow to the tip of their index finger, to ensure that their estimate of arm position did not drift over time (Fig. 1b) .
During the passive localization task, the subjects were told to relax their arm and let the robot move it. EMG signals from the arm muscles were monitored in this task.
The robot then moved the subject's arm along a smooth trajectory (constant max. velocity) to one of the four end targets, arrayed in Cartesian space, 10 cm in X and 10 cm in Y from the center target (Fig. 1a) . Once the subject's index fingertip was aligned with the end target, a green visual dot (0.5 cm radius circle) appeared in a pseudorandom location 5.7-14 cm away from the target. The subjects used a joystick in their non-dominant hand to move the cursor dot in the Cartesian space to their felt fingertip location and clicked a button to indicate their position choice.
During the active localization task, subjects were held at the start position until a green target dot (0.5 cm radius circle) appeared at one of the end targets. Then, the subjects moved their arm, with zero robot forces, to try to place their unseen fingertip on the target dot. Subjects were told that they could make multiple movements to get their fingertip in the correct location. Once the subjects felt that their fingertip was aligned with the target, they clicked a button on the joystick to indicate their decision.
For each task, the subjects completed 2 sets of 20 trials. If the subjects accidentally clicked the button too soon or showed EMG activity during the passive trials, the trial was discarded. If more than two trials at an end target were Group data are means ± SD CB cerebellar patient, CON control subject, M male, F female, DH dominant hand, R right, L left, g grams, ADCA autosomal dominant cerebellar ataxia type II or type III, Sporadic sporadic adult-onset cerebellar ataxia, AVM cerebellar arteriovenous malformation, SCA spinocerebellar ataxia type 6 or type 8, ICARS International Cooperative Ataxia Rating Scale a Subject also completed the single-joint task b Subject was tested on the L arm due to unilateral damage discarded, the subjects completed an additional set containing only the trials that were previously discarded. The subjects then completed one last set of 8 trials with full vision of the arm. This set served as a control task, to document any visual biases and to ensure that the subjects were able to manipulate the joystick to place the dot over their fingertip (passive task) and move their arm to a seen location (active task). The passive task was always completed before the active task to prevent subject exposure to seen target positions prior to the passive task. Before starting the experimental sets, the subjects were given a practice set and completed trials until they understood the task and were correctly completing it.
Experiment 2: Single-Joint
A subset of cerebellar patients and controls subsequently completed the single-joint proprioceptive localization tasks with the same task protocols as described in experiment 1. The shoulder was locked at 75°, so subjects only moved their forearm. Four end targets were at elbow angles, 30, 45, 75, 90°, with the start target at 60° (Fig. 1a ). In the passive task, the green cursor dot only moved along the arc of the fingertip path and initially appeared 15-30°from the end target.
EMG Recordings
Electromyographic (EMG) signals were recorded with the Bagnoli EMG system (Delsys, Boston, MA). Surface electrodes were positioned on five muscles in the dominant arm: brachioradialis, biceps brachii, triceps brachii, pectoralis major, and posterior deltoid. An amplifier gain of 10,000 was applied, and the data was sampled at 1 kHz. EMG signals were monitored online during the multi-joint and single-joint passive localization tasks, and trials with muscle activity were discarded.
Analysis
We parameterized error in all the tasks by measuring both directional accuracy (bias) and precision. In the multi-joint experiment, we worked in a two-dimensional Cartesian coordinate frame and all calculations were done from a righthanded perspective. As a first step, we calculated the visual bias to the four targets for each subject, separately for the active and passive conditions, using the reaches where vision was present. Visual bias at each target was calculated as the average vector between the fingertip position, which was visible, and the visual dot. The visual bias was minimal in patients and controls as is reported in the results. We subtracted The multijoint start target was at shoulder angle 60°and elbow angle 90°. The end targets were 10 cm in X and 10 cm in Y away from the start target. The single-joint start target was at elbow angle 60°, with the shoulder locked at 75°. The end targets were at elbow angles 30, 45, 75, and 90°. b Task protocol: at the beginning of each trial, the subject's arm was moved to the unseen start target (gray) and a white stick-figure of the arm was displayed for 2 s. Then, in the passive task, the subject's arm was moved to an unseen end target (gray) and a green cursor dot appeared. The subject controlled a joystick with the non-dominant hand to move the green cursor dot in the Cartesian space as pictured (multi-joint) or along the arc of the fingertip path (single-joint). In the active task, once a green dot appeared at one of the end targets, the subject moved their arm to the visual dot. Subjects clicked a button to indicate that they aligned their fingertip and the green target dot. During the first two sets of each task, vision of the arm was blocked. In the third set, the subjects completed the same task while viewing their arm the visual bias from the active and passive conditions without vision for each target which allowed us to make a purer measurement of proprioceptive localization sense. Second, we calculated the proprioceptive bias to each target as the average vector between the actual fingertip position (unseen) and the perceived fingertip position (i.e., the position of the visual dot). The consistency of the bias between the subjects was calculated with the Rayleigh test, which is a circular statistical method for assessing the dispersion of angular direction in polar coordinates. Low dispersion would indicate that the subjects' biases occurred in a single direction, whereas high dispersion would indicate no consistency between the biases of different subjects. In the single-joint experiment, a onedimensional task, we calculated both visual and proprioceptive bias as the perceived elbow angle (i.e., the elbow angle based on the visual dot position) minus the actual elbow angle, again subtracting the minimal visual bias from the conditions without vision.
To assess precision in the two-dimensional space (multijoint), we computed a 95 % confidence ellipse (CE) of the average error at each target location. These can be visualized in Fig. 2 . The CE axes are proportional to the eigenvalues of the variance-covariance matrix, so the area of each CE encompasses the two-dimensional variance at that target [27, 28] . To measure each subject's precision, we calculated the CE area at each end target and then averaged across the four end targets. To assess precision in the one-dimensional space (singlejoint), we calculated the variance in elbow angle at each of the four end targets and averaged across targets for each subject.
We then determined whether subjects showed active benefit (i.e., improved performance in the active task compared to the passive task), which has been seen in previous proprioceptive studies [13, [21] [22] [23] . However, in both of our experiments there was large between-subject variability in passive precision. In order to better compare the amount of active benefit between the subjects, we normalized each subject's active precision to their passive precision by taking a ratio of active precision over passive precision. A ratio close to 1 indicated minimal active benefit, whereas smaller ratios indicated more active benefit. To confirm that both patients and controls showed active benefit, we calculated a confidence interval of each group's average ratio. The confidence intervals were bootstrapped using 100,000 replications, the bias corrected and accelerated percentile (BC a ) method and a 99 % confidence level [29] . If the confidence interval did not contain 1, the group showed active benefit. To test whether there was a difference in active benefit between groups, we performed a t test for independent samples.
To further investigate the differences in performance in the patient population during the multi-joint experiment, we compared each cerebellar subject's ratio to the upper bound of the control confidence interval. If patients were below the upper bound, they were classified as unimpaired; if they were above the upper bound, they were classified as impaired. These groups were then used to compare performance within the patient group for the single-joint experiment. To determine whether the difference between groups was maintained in the single-joint experiment, we performed a non-parametric Kruskal-Wallis ANOVA (three groups). Post hoc comparisons were done using the Mann-Whitney U test.
Results
In the first experiment, we tested whether cerebellar patients and control subjects performed differently in active compared to passive proprioceptive localization in a multi-joint Fig. 2 Representative single subject plots for the multi-joint localization experiment. a Cerebellar 2, from the impaired subgroup, showed no difference in precision between the passive and active task, as seen by the similar-sized 95 % confidence ellipses (CEs) of the average error. Cerebellar 11, from the unimpaired subgroup, and the control had smaller CEs for the active task than the passive task, indicating better active precision. b Importantly, the cerebellar patients performed as well as the control when vision was allowed, suggesting that visual and motor deficits were not limiting factors movement task. In the passive task, the subjects had to localize their unseen fingertip by moving a visual cursor to the location where they felt their finger was moved by the robot. In the active task, subjects had to move their unseen fingertip to place it underneath a stationary visual target. Figure 2a shows sample endpoints for three subjects. A CE of the mean error at each target was calculated for individual subjects. Smaller CEs indicate better precision. Note that the CEs for the control subject were smaller for the active endpoints than the passive endpoints. In the cerebellar subjects, some showed CEs comparable to controls (Cerebellar 11), whereas others had similar-sized CEs across the two tasks (Cerebellar 2). Regardless, all subjects were able to perform localization in the full vision condition (i.e., when they could see their finger and the visual cursor; average group error with vision: patients: passive 1.15 ± 0.05 cm SE, active 0.80 ± 0.02 cm; controls: passive 0.79 ± 0.03 cm, active 0.75 ± 0.02 cm). This control condition was tested to make sure that subjects did not have any fundamental motor or visual problem that could have interfered with the passive or active proprioceptive tasks. Sample endpoints with vision are shown in Fig. 2b . Subject bias, or directional accuracy, varied from subject to subject in both direction and extent (Fig. 3b) . However, averages showed a consistent directional trend across tasks and groups (Fig. 3c) . This was measured with the Rayleigh test, with a significant bias indicating that there was consistency between the biases of different subjects. In the passive localization task, the controls had significant biases at all four targets (Rayleigh test, all P < 0.05), whereas patients had significant biases at three of the four targets (Rayleigh test, P < 0.05, except top right target). In the active localization task, controls had significant biases at two of the four targets (Rayleigh test, P < 0.05, trending for the bottom left target at P = 0.061), whereas patients had significant biases at three of the four targets (Rayleigh test, P < 0.05, except top left target). Furthermore, there was no substantial difference in directional biases between cerebellar patients and controls for any of the four targets in either the passive or active localization tasks Fig. 3 Directional accuracy (bias) across targets for the multi-joint localization experiment. a Bias was calculated as the average vector between the actual fingertip position (unseen) and the perceived fingertip position (i.e., the position of the green visual dot-target or cursor depending on the task). In the active task, the subjects were asked to move their fingertip directly under the green target dot. They tended to move the index finger too far and further left of the green target dot, which suggests that they thought their hand was closer to them and to the right. In the passive task, the subjects moved the green cursor dot too short and further to the right of their stationary fingertip. This also shows that they thought their hand was closer to them and to the right. Thus, the bias is the same for the passive and active tasks, even though the bias vectors point in opposite directions. b Each vector represents an individual cerebellar patient's (blue) or control subject's (black) average bias for that target. c Average group bias was consistent across the target workspace and across patients and controls. On average, subjects thought their fingertip was closer to them and rightward of its actual position (right-handed perspective); *P < 0.05 (Fig. 3c) . Note that all bias was calculated from the righthanded perspective. In addition, bias vectors ran in opposite directions for the passive and active tasks-subjects moved the index finger too far and to the left in the active case and moved the cursor too short and to the right in the passive case (Fig. 3a) . This means that the subjects tended to think their fingertip was closer to them and rightward of their actual fingertip position (Fig. 3c) . This is consistent with previous studies reporting bias [30, 31] . Figure 4 shows the precision measurement for every subject tested in the passive (Fig. 4a) and active (Fig. 4b) conditions. In the passive precision (open bars), there was no significant difference between cerebellar patients and controls (t test, t(24) = 1.14, P > 0.26). However, there was a significant difference in active precision (solid bars) between cerebellar patients and controls (t test, t(24) = 2.38, P < 0.05). Given that our experimental aim was to assess whether patients and controls exhibited differences in the amount of active benefit, their localization performance in the active task was normalized to their passive performance by taking a ratio of the average CE area for the active task compared to the passive task (Fig. 4c) . All but two control subjects had a ratio below 0.50-they had much better precision on the active task, as expected [22, 23] . The two subjects with higher CE ratios also had the best passive precision, so it is possible that they hit a ceiling on their performance. In other words, rather than indicating lower active benefit, the higher CE ratios reflected better passive precision. The cerebellar patients had more variable CE ratios, ranging from 0.15 to 1.17, with 11 of the 13 patients below 0.82. Thus, both groups showed clear active benefit, with the upper bound of the confidence interval below 1 (controls 0.60, patients 0.78). In addition, there was no significant difference in CE ratio between the patients and controls (t test, t(24) = 1.30, P > 0.20; Fig. 5a ). We did not expect any patients to show active benefit, yet the majority of patients had at least some active benefit. However, this did not seem to fully quantify what occurred in the patients. While it is clear that about half of the patients had active benefit to the same level as controls, the other patients did not have as much active benefit.
To look at this within group difference, we classified patients into two subgroups by comparing them to the upper Fig . 4 Individual subject precision for the multi-joint localization experiment. a Subject precision (average CE area) for the passive task. Both the cerebellar patients (blue) and the control subjects (black) showed varying passive precision. b Subject precision for the active task. Most subjects showed some improvement when moving actively compared to being moved passively. c Normalized active benefit to each subject's passive precision. The CE ratio was calculated as active precision over passive precision, with values close to 1 indicating no active benefit and smaller values indicating more active benefit. Patients showed more variability in CE ratio than did the controls. The upper bound of the control group's 99 % confidence interval (red dotted line) was used to split the patients into two subgroups. Patients over the line were impaired (n = 6), whereas patients under the line were unimpaired (n = 7). (Color figure online) bound of the control subject confidence interval (red dotted line at 0.60) around the average CE ratio (Fig. 4c) . Seven patients had a ratio below the upper bound-they had active benefit comparable to controls and were unimpaired. Six patients had a ratio above the upper bound-they had reduced active benefit compared to controls and were impaired. The split group averages showed that there were distinct differences in performance within the patient group (Fig. 5b) . Despite differences in active benefit among the patients, there was no particular diagnosis or distinguishing symptom identifying those with reduced active benefit. Specifically, ICARS scores (total and kinetic) were not correlated with CE ratio (all P > 0.81). In addition, CE ratio was not correlated with age for either the patients or the control subjects (all P > 0.15).
To verify that these results were not explained by the difficulty cerebellar patients have with interjoint coordination [32] , we did a second experiment using single-joint movement. Here, the shoulder was locked in place, leaving only the elbow joint free to move. The subjects were again asked to localize their fingertip during both passive and active movement. In the passive task, the subjects moved a cursor constrained along an arc to their unseen fingertip. In the active task, subjects moved their forearms to a stationary visual target. As in the multi-joint task, all subjects were able to perform the single-joint localization task with full vision (average group error with vision: patients: passive 0.88 ± 0.09°SE, active −0.76 ± 0.08°; controls: passive 0.21 ± 0.07°, active 0.05 ± 0.07°). Single-joint bias varied across targets, which is consistent with a previous localization study [23] . Control subjects exhibited the expected bias (passive bias at elbow angle targets 30, 45, 75, and 90°: − 5.76 ± 0.58°SE, −5.20 ± 0.46°, 3.58 ± 0.49°, 3.87 ± 0.51°; active: −4.52 ± 0.26°, −1.42 ± 0.24°, 0.99 ± 0.45°, 4.20 ± 0.55°), with overextension to extension targets (i.e., negative error to target angles 30°and 45°) and overflexion to flexion targets (i.e., positive error to target angles 75°and 90°). While cerebellar patients presented a similar bias trend, they had a small offset in extension (~3.5°) at all targets (passive bias at elbow angle targets 30, 45, 75, and 90°: −8.47 ± 0.84°SE, −8.47 ± 0.83°, −2.38 ± 0.64°, −1.09 ± 0.66°; active: −8.22 ± 0.61°, −4.43 ± 0.45°, −1.52 ± 0.40°, 0.97 ± 0.53°).
Similar to experiment 1, both the control and patient groups again showed a clear active benefit, with the upper bound of the confidence interval below 1 (controls: 0.59, patients: 0.85). Normalized active benefit in the singlejoint experiment did not differ significantly between patients and controls (t test, t(19) = 1.17, P > 0.25; Fig. 5a ). The patient group was then split based on the experiment 1 classification, with five patients in the unimpaired subgroup and five patients in the impaired subgroup. Within each subgroup, three patients showed either the same or a slightly worse variance ratio (max decrease 0.15) in the single-joint experiment compared to the multi-joint experiment. However, two patients in each subgroup showed more active benefit in the single-joint experiment compared to the multi-joint experiment, improving their ratio by 0.20 or more. ANOVA of variance ratios in the singlejoint task between the two patient subgroups as well as controls resulted in a significant main effect of group (Kruskal-Wallis ANOVA H(2, 21) = 7.45, P < 0.03). Post hoc analysis showed this effect to be driven by the impaired patient subgroup performing worse than both the unimpaired patient subgroup and the controls (MannWhitney U test, P < 0.03). Thus, it is unlikely that interjoint coordination deficits were the main contributor to the impairments exhibited by cerebellar patients in the multi-joint localization task. Single-joint Multi-joint CE ratio (act/pas) Fig. 5 Group averages of normalized active benefit for the multi-joint and single-joint localization experiments. a Normalized active benefit with all cerebellar patients grouped together. There was no significant difference between patients and controls for either the multi-joint or single-joint experiments (all P > 0.20). In addition, all the confidence intervals of the group averages had an upper bound below 1, indicating that patients and controls showed active benefit in both experiments. b Normalized active benefit for the cerebellar patients when split into two subgroups. In the multi-joint experiment, the impaired subgroup (n = 6) was outside the control confidence interval for normalized active benefit, whereas the unimpaired subgroup (n = 7) was inside the confidence interval. In the single-joint experiment, subjects were grouped according to the multi-joint split. The impaired subgroup (n = 5) was significantly worse than the unimpaired subgroup (n = 5) and the controls (all P < 0.03). Error bars indicate SEM
Discussion
In two experiments, we compared proprioceptive localization during both active and passive movement between individuals with cerebellar damage and healthy controls. Our aim was to determine the extent of cerebellar involvement in the localization process. We developed a test of the proprioceptive ability necessary for everyday movements by using a localization task that involved both multi-joint movements and vision. The ability to correctly estimate limb state is essential for the generation of appropriately calibrated motor commands as well as the updating of those commands in response to changing task requirements. Our results showed that while some cerebellar patients had deficits in proprioception during active, multi-joint movements (i.e., they did not show the active benefit that is characteristic of healthy proprioception), others did not. Specifically, the patients who did show proprioceptive deficits did so in the precision of localization rather than bias. Importantly, this within-group distinction could not be explained by patient diagnosis or clinical ratings of impairment.
The division we found in the patient group's performance is interesting. The tendency for cerebellar patients to exhibit localization impairments in active, multi-joint movements was not correlated with clinical ataxia ratings as assessed by the ICARS total score and kinetic function (limb coordination) subscore. Furthermore, the presence or absence of localization impairment could not be explained by differential diagnoses (e.g., degenerative disease vs. cerebellar stroke). Importantly, all patients were prescreened using standardized clinical tests of fine-touch sensation as well as proprioception in the upper extremities [24] . These findings indicate the presence of sensory deficits following cerebellar damage that are not adequately detected by current clinical measures of disease type and progression. This is a significant finding because while cerebellar damage is well known to impair motor coordination, the precise mechanism underlying these impairments remains unclear. The ability to accurately sense limb position is important for the selection and calibration of motor commands [17] . Thus, impairments in limb localization are likely to contribute to the motor symptoms of ataxia.
Bastian et al. [32] showed that cerebellar damage results in an impaired ability to compensate for the interaction torques generated in multi-joint movements. These impairments could have reasonably contributed to the proprioceptive deficits seen in our patients in the multi-joint localization task. To investigate this possibility, we examined patient performance in a single-joint localization task that had participants estimate fingertip position moving only the forearm (i.e., the shoulder angle was locked at 75°). The performance of some patients improved in the single-joint task (i.e., these patients showed more active benefit in the single-joint compared to the multijoint task). However, when the patient group was split into the impaired and unimpaired subgroups based on their performance in the multi-joint task, we found that the impaired subgroup continued to show less active benefit in the single-joint task. Therefore, it is unlikely that the localization impairment found in some patients resulted from multi-joint coordination deficits following cerebellar damage.
Our work provides important insights into cerebellar contributions to the proprioceptive localization literature not previously seen in other studies. Studies by Synofzik et al. [18] and Izawa et al. [19] focused on cerebellar involvement in updating the sensory consequences of movement. When establishing baseline proprioceptive abilities in cerebellar patients, these authors tested proprioception in terms of movement direction only and not movement extent. It was clear from these studies that the patients did not have deficits in identifying the direction of their movements, as the bias and precision of their directionality estimates was comparable to age-matched controls [18, 19] . Here, we have shown that patients do not have difficulties with directionality in proprioceptive localization. However, examining performance in a localization task that required the subjects to pinpoint their fingertip position (vs. movement direction only) allowed us to calculate a two-dimensional measure of precision. This analysis revealed that a subset of cerebellar patients exhibited deficits in active proprioceptive precision despite showing localization biases comparable to control participants. Overall, this suggests that cerebellar damage may differentially impair component elements of proprioceptive sense.
Previous work from our lab by Bhanpuri et al. [13] found that cerebellar patients showed clear impairments in a singlejoint proprioceptive discrimination task. While these results may seem to contradict those of the present study, distinctions in the experimental protocols used may explain these differences. Our task involved matching the positions of a visual stimulus to a sensed limb position. In other words, our task used a combination of visual and proprioceptive information. In contrast, the task used by Bhanpuri et al. [13] relied solely on proprioception. Block and Bastian [20] showed that cerebellar patients are not impaired in their ability to integrate visual and proprioceptive signals. Thus, the use of vision in the present experiment may have allowed other brain areas to compensate for any cerebellar dysfunction. Given that integration of visual and proprioceptive information improves position estimates [33, 34] , this could reasonably explain the varying results in different proprioceptive tasks.
However, a more likely possibility for the difference in findings of the present study and those of Bhanpuri et al. [13] comes from the proprioceptive assessments used. Previous literature has shown that cerebellar patients exhibit proprioceptive recalibration deficits in tasks where updating of sensory predictions is required [18, 19] . In tasks assessing baseline proprioceptive ability, cerebellar patients show deficits when estimating movement length [13] , but not movement direction [18, 19] . This suggests that the cerebellum may be more involved in proprioceptive estimates that have a temporal or predictive component (e.g., movement length), but that it may be less involved in generating estimates with only a spatial component (e.g., movement direction). The proprioceptive localization assessed in our task required estimating both movement direction and length. In other words, our task tested proprioceptive estimates with both spatial and temporal components. It is possible that some of our patients relied more heavily on the spatial component when generating their proprioceptive estimates, and this could have improved their performance. Conversely, the task used by Bhanpuri et al. [13] tested proprioceptive estimates that were largely reliant on the temporal component, which could underlie their finding of widespread proprioceptive deficits in the cerebellar patient group. We are currently investigating whether relying on spatial or temporal information differentially influences proprioceptive estimates of limb position as well as the precise role of the cerebellum in processing this information.
Conclusion
In summary, we have shown that some people with cerebellar damage have increased variability in proprioceptive localization during active movements and that this cannot be explained by current tests of clinical impairment. Given that precise estimates of limb position are important for keeping movements well calibrated, deficits in localization likely affect movement ability in daily life. It follows that localization ability should not only be an important consideration during clinical testing of people with cerebellar damage but should also be taken into account when developing rehabilitation strategies.
